I RF-3 is a key transcriptional factor involved in the signaling the pathway responsible for keeping the antiviral state of host cells. Viral infection triggers phosphorylation of the IRF-3 carboxyl-terminal region 1 , and the phosphorylated IRF-3 migrates to the nucleus, leading to the transcriptional activation of the type I interferon (IFN-I) genes. Interestingly, it has also been reported that infection by some viruses enhances the degradation of IRF-3 and/or inhibits its phosphorylation, resulting in the reduced response of IFN-I production and persistent infection by the virus [2] [3] [4] [5] [6] [7] .
Prion diseases are neurodegenerative disorders characterized by an aggregation of abnormal prion protein (PrP Sc ) 8 . Since PrP Sc itself seems to be an infectious agent and the protein is host-encoded, acquired immunity against prion disease should not be possible. Conversely, we previously demonstrated that IRF-3 plays a crucial role in the host's defense mechanism against prion infection. Disrupted IRF-3 genes developed prion diseases earlier compared to wild-type mice after inoculation. Overexpression of IRF-3 significantly reduced the amount of abnormal prion protein in persistently infected cells, indicating that IRF-3 expression levels are closely related to the anti-prion state of the host cell 9, 10 . Although the innate immune responses against prion invasion are insufficient to stop disease progression, involvement of IRF-3 inducible factors such as IFN-I may be one of the reasons why prion infection shows an extremely long incubation period. It would be of great benefit to understand how IRF-3 inducible factors inhibit prion infection and how prions avoid this host-defense system. Lowther et al. reported that a sufficient basal promoter activity of human IRF-3 was found in the upstream region (nucleotides: nt; -113 to -1) of the transcription start site 11 , however, the mechanism of the transcriptional regulation of IRF-3 remains largely unknown. In this study, we analyzed murine IRF-3 promoter activity in detail and its relationship to prion infection, and have shown that the octamer-binding transcription factor-1 (Oct-1) positively regulates murine IRF-3, and the expression levels of Oct-1 decreased in prion-infected cells.
Results
Nucleotides -119 to -1 region are responsible for the murine IRF-3 promoter activity. To determine the specific promoter region responsible for murine IRF-3 induction, we generated a series of plasmids that included various sizes of the 59-flanking region of the murine IRF-3 gene fused to the luciferase gene and transfected them into N2a and 3T3 cells. As shown in Fig. 1 , a plasmid containing nt -1000 to -1 relative to the transcription start site (pGL3 -1000/-1) showed approximately 33-fold (in N2a cells) and 6-fold (in 3T3 cells) activity compared with the control (pGL3 Basic), while plasmids containing nt -2000 to -1001 (pGL3 -2000/-1001) and nt -1000 to -524 (pGL3 -1000/-524) completely lost their responsiveness. Plasmids containing nt -523 to -1 (pGL3 -523/-1), nt -340 to -1 (pGL3 -340/-1) and nt -119 to -1 (pGL3 -119/-1) maintained similar levels of their promoter activity with the full-length promoter (pGL3 -1000/-1), suggesting that nt -119 to -1 was responsible for the promoter activity.
IRF-3 promoter activity is reduced in prion-infected cells. To examine the relationship between the IRF-3 promoter activity and prion infection, we analyzed N2a58 and ScN2a58 (N2a58 cells persistently infected with 22L prion) cells. As shown in Fig. 2a , mRNA of IRF-3 had a significant reduction in ScN2a58 cells. Reduction of the promoter activity was confirmed in ScN2a58 cells which was transiently transfected with pGL3 -119/-1 ( Fig. 2b ). Furthermore, in the persistently other prion strain-infected cells by the mouse-adapted Gerstmann-Sträussler-Schenker syndrome (GSS) Fukuoka-1 strain (FK-N2a58), IRF-3 mRNA and the promoter activity were also significantly decreased ( Supplementary  Fig. S6a and S6b).
Next, we challenged with 0.1% brain homogenates from 22Linfected mice (22LBH) or normal mice (nBH) to N2a58 cells and incubated for 48 h. As expected, the promoter activity in 22LBHincubated cells was significantly decreased ( Supplementary Fig. S1 ), indicating that prion infection reduced the activity. Furthermore, drug treatment was started after the initial seeding of the cells (at 75 cm 2 flask) and renewed every passage. The significantly reduced promoter activity in ScN2a58 cells increased after continuous treatment with Congo red (CR, 10 mM) or pentosan polysulfate (PPS, 20 mg/ml), which are both known as anti-prion drugs 12 (Fig. 2c ; CR: 3.8-fold and PPS: 3.4-fold). The efficacy of the two drugs was evaluated by detection of PK-resistant PrP using western blotting in cells after final passage (Fig. 2d ). The activities of the uninfected control N2a58 cells were not affected during continuous treatment ( Supplementary Fig. S2 ).
Oct-1 is responsible for IRF-3 promoter activity. We identified putative transcription factor binding sites in nt -119 to -1 with the software TFSEARCH ver.1.3 (http://www.cbrc.jp/research/db/ TFSEARCH.html) and found that this region contains a potential Oct-1 binding site (59-ATTTGCAT-39, nt -42 to -35) and an acute myeloid leukemia 1 protein (AML1) binding site (59-TGCGGT-39, nt -49 to -44). In addition, an E2F transcription factor 1 (E2F1) binding site (59-TTTCCCAC-39, nt -116 to -109) was also conserved in murine ( Fig. 3a) . To determine whether the Oct-1 site is important for promoter activity, an original and two different mutated plasmids from the Oct-1 site (M1 and M2) were prepared ( Fig. 3b ) and the transiently transfected into N2a and 3T3 cells. After 24 h, we evaluated their respective promoter activity by reporter assay. The activities of pGL3 -119/-1 (M1) were also significantly reduced compared with the original promoter activities in N2a and 3T3 cells ( Fig. 3c and 3d ). The activities of pGL3 -1000/-1 (M1) and pGL3 -523/-1 (M1) were also significantly reduced ( Supplementary Fig. S3 ). We obtained similar results in the second mutated plasmid pGL3 -119/-1 (M2) where activity was also significantly reduced in N2a and 3T3 cells ( Fig. 3e and 3f ). These results indicate that the Oct-1 site might play a crucial role for murine IRF-3 promoter activity. We next determined whether the E2F1 site was important for the promoter activity. The original plasmid pGL3 -119/-1 and the E2F1 site mutated plasmid (M3: Fig. 3g ) were transiently transfected into N2a and 3T3 cells. After 24 h, we evaluated their respective promoter activity by reporter assay. The activities of pGL3 -119/-1 (M3) were not significantly different compared to the original plasmid promoter activity in N2a and 3T3 cells ( Fig. 3h and 3i ), indicating the E2F1 is not an important determining factor for the regulation of murine IRF-3 promoter. Since two different mutations in the AML1 site (M4 and M5: shown in Supplementary Fig. S4a ) had little effect on the promoter activity in N2a58 cells (N2a cells overexpress wild-type prion protein), indicating the AML1 is not also important ( Supplementary  Fig. S4b ).
To confirm that Oct-1 binds to the endogenous murine IRF-3 promoter, chromatin immunoprecipitation (ChIP) assay was performed. PCR analysis revealed that the Oct-1 antibody precipitated the promoter region (nt -119 to -1) from N2a58 cells ( Fig. 4a ), while the negative control (anti-rabbit IgG) did not exhibit the DNA binding activity. These data suggest that endogenous Oct-1 binds to the promoter region in vivo. Furthermore, to investigate whether the promoter activity is affected by Oct-1, pcDNA Oct-1-HA and pGL3 -119/-1 were co-transfected into N2a cells. Ectopically Oct-1 overexpression significantly increased the original promoter activities (pGL3 -119/-1 1 mock vs pGL3 -119/-1 1 pcDNA Oct-1-HA), while Oct-1 expression had no effect on the mutated promoter activities [pGL3 -119/-1 (M1) 1 mock vs pGL3 -119/-1 (M1) 1 pcDNA Oct-1-HA], indicating exogenous Oct-1 functions in the promoter region ( Fig. 4b) .
We next examined the expression levels of Oct-1 proteins in prion-infected cells. As shown in Fig. 5a , Oct-1 expression in ScN2a58 cells was significantly decreased compared with that in N2a58 cells. Similarly, we also analyzed the expression levels of Oct-1 proteins in prion-infected mice brains. We intracerebrally inoculated 22L or FK-1 prion strains into ddY mice and analyzed the levels of Oct-1 protein in their brains after becoming terminal, respectively. Of note, the levels of Oct-1 protein in the two distinct prion strains-infected mouse brains significantly decreased, suggesting that prion infection might repress endogenous Oct-1 expression ( Fig. 5b and Supplementary Fig. S6c ). These results demonstrate that reduced IRF-3 promoter activity in prion-infected cells is accompanied by decreased levels of Oct-1.
Discussion
We have investigated the promotion of the murine IRF-3 gene and found promoter activity within the region nt -119 to -1 ( Fig. 1a and 1b), which contains 3 different promoter binding sites. It has been shown that E2F1 negatively regulates human IRF-3 gene expression 13 . Although the E2F1 site was also present in the murine promoter, the E2F1 site mutation had little effect on promoter activity ( Fig. 3h and 3i ). Mach et al. have shown that Oct-1 also bound to the human IRF-3 promoter 14 . Importantly, the putative transcription factor binding sites in 59 flanking region are very similar between human and murine IRF-3 promoter ( Supplementary Fig. S5 ). However, the contribution of Oct-1 in human IRF-3 promoter remains controversial and elusive. In our experimental study, mutations in the Oct-1 binding site lost their promoter activity ( Fig. 3c to 3f) and exogenous Oct-1 enhanced the activity (Fig. 4b) . In conclusion, Oct-1 positively regulates the IRF-3 promoter activity, while E2F1 and AML1 are not involved in murine IRF-3 gene regulation. Intriguingly, Oct-1 expression was significantly reduced in two distinct prion strains-infected cells and mice brains ( Fig. 5 and Supplementary Fig. S6 ). Although we are not able to exclude yet the possibility that the accumulation of abnormal prion protein may directly impair the function of Oct-1, prion infection might alter the expression of Oct-1 as a result of its destructive effect on protein synthesis in the host cell. It has recently been reported that prion infection could impair the host's ability to synthesize protein by means of inhibition of double-stranded RNA-activated protein kinase (PKR)-dependent eIF-2a phosphorylation 15, 16 . Another study revealed that the global alteration of gene expression has occurred in prion-infected mouse brains by unknown mechanisms 17 .
In summary, our results demonstrated that Oct-1 binds to the murine IRF-3 promoter region and increases the transcription level and IRF-3 expression is reduced by prion infection. Although further investigations are required to elucidate how Oct-1 is affected in prion infection, our novel findings on the alteration of host gene expression provide new insights into the molecular biology of prions and host responses against prion infection. (a) N2a58 cell lysate was subjected to ChIP assay using anti-Oct-1 (IP: Oct-1) or normal rabbit IgG (negative control) antibodies. After the DNA was purified, the promoter region (nt -119 to -1) was amplified by PCR (see ''Materials and Methods'' in detail). (b) N2a cells were co-transfected with either pGL3 -119/-1 or pGL3 -119/-1 (M1) and either pcDNA Oct-1-HA (Oct-1) or the empty plasmid (mock). Results were normalized to the control renilla luciferase activity, and the value of (pGL3 -119/-1 1 mock) was set to 100%. Results representing the mean 6 SD, n54. P values were determined by one-way ANOVA followed by Tukey's multiple comparison (***: P , 0.001, n.s.: not significant). Methods Cell cultures. Murine neuroblastoma cells (N2a) and fibroblast cells (3T3) were obtained from the American Type Culture Collection. N2a cells were cultured in Dulbecco's modified Eagle medium (DMEM) (Hyclone Laboratories) that contained 10% fetal bovine serum (Invitrogen), penicillin and streptomycin. 3T3 cells were cultured in DMEM that contained 5% calf serum (Invitrogen), penicillin and streptomycin. N2a58 (N2a cells overexpressing wild-type prion protein) and ScN2a58 (persistently 22L scrapie prion infected N2a58 cells) and FK-N2a58 (persistently Gerstmann-Sträussler-Scheinker syndrome-derived FK-1 prion infected N2a58 cells) cells described as previously [18] [19] [20] . All cells were cultured in a cell incubator and maintained at 5% CO 2 and 37uC.
Oct
Prion infection. The prepared 10% brain homogenates from 22L-infected terminally sick ddY mice (22LBH) or normal brain homogenates from healthy ddY mice (nBH) were treated with final 0.1% concentration to N2a58 cells and incubated for 48 h. After replaced with the fresh medium to remove the prion from the cells, the cells were passaged at 75 cm 2 flask and cultured for 3 d. The detailed methods were described as previously 9 .
Generation of luciferase reporter plasmids. The information on primers used in this study is summarized in Table 1 . In order to analyze the 59-flanking region of the murine IRF-3 gene for promoter activity, PCR products amplified from mouse genomic DNA were subcloned into pGL3-Basic Vector (Promega) : pGL3 -2000/-1001 (nt 22000 to -1001, where the first nucleotide of IRF-3 exon 1 has been designated 1 1), pGL3 -1000/-524 (nt -1000 to -524), pGL3 -1000/-1 (nt -1000 to -1), pGL3 -523/-1 (nt -523 to -1), pGL3 -340/-1 (nt -340 to -1) and pGL3 -119/-1 (nt -119 to -1). Two different mutations (M1: ATTTGCAT to CGTTGCAT or M2: ATTTGCAT to GGGGAACC) were introduced into the Oct-1 site in the pGL3 -1000/-1, pGL3 -523/-1 and pGL3 -119/-1, generating pGL3 -1000/-1 (M1), pGL3 -523/-1 (M1), pGL3 -119/-1 (M1) and pGL3 -119/-1 (M2). pGL3 -119/-1 (M3: TTTCCCAC to GGGGGGGG) was the E2F transcription factor 1 (E2F1) sitemutated plasmid. pGL3 -119/-1 (M4: TGCGGT to TGCGCG or M5: TGCGGT to TCGGGT) were the acute myeloid leukemia 1 protein (AML1) site-mutated plasmids. Murine Oct-1 cDNA (NCBI Reference Sequence: NM_198932.2) was amplified by RT-PCR from total mRNA of N2a58 cells and subcloned into pcDNA3.1 (Invitrogen) to generate hemagglutinin (HA)-tagged Oct-1 expression plasmid (pcDNA Oct-1-HA). All generated plasmids were confirmed by sequencing.
Transient transfection and reporter assay. Cells were seeded at densities of 2 3 10 5 cells per well in 24-well plates and grown in a humidified incubator at 37uC and 5% CO 2 overnight to 70-80% confluence. In basal promoter activity studies, cells were co-transfected with 500 ng of reporter plasmids and 100 ng of renilla luciferase control plasmid (pRL-null Vector; Promega). For ectopic expression, cells were additionally co-transfected with 500 ng of pcDNA Oct-1-HA or pcDNA (empty plasmid). Transfections were performed using Lipofectamine LTX (Invitrogen) following the manufacturer's instructions. After 24 h, cells were lysed using Passive Lysis Buffer (Promega) and the luciferase activity was quantified by the Dual Reporter Assay System (Promega) and Mithras LB940 luminometer (Berthold Technologies) according to the manufacturer's instructions. Results were normalized to the coexpressed renilla luciferase activity.
Western-blot analysis. Whole cell lysates were prepared by the addition of cold lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, 2 mM EDTA) containing protease inhibitors (Nacalai Tesque). The protein concentration was determined using the Bio-Rad Protein Assay kit. Equal amounts of protein from each treatment were subjected to Western-blot analysis using specific antibodies against Oct-1 (Santa Cruz Biotechnology, sc-232) or b-actin (MBL, PM053). For PrP Sc detection, samples were digested with 40 mg/ml of proteinase K (PK; Sigma-Aldrich) at 37uC for 30 min and subjected to Western-blot analysis using anti-PrP antibody (Santa Cruz Biotechnology, M20).
Quantitative real-time PCR (qRT-PCR). Total RNA was harvested from the cells using GenElute TM Mammalian Total RNA Miniprep kit (Sigma). RNA was reverse transcribed with ThermoScript (Invitrogen), and the resulting cDNA was used in a PCR with the original primers and QuantiTect SYBR Green PCR Kit (QIAGEN). For the quantitative PCR, we used the light-cycler instrument system (Roche Diagnostics, Mannheim, Germany). IRF-3 cDNA was amplified using 59-ACG TGT CAA CCT GGA AGA GG -39 as the sense primer and 59-GGC ACC CAG ATG TAC GAA GT -39 as the antisense primer. As an internal standard, mouse b-actin cDNA sense primer, 59-AAA TCG TGC GTG ACA TCA AA -39 and antisense primer, 59-AAG GAA GGC TGG AAA AGA GC -39, were used.
Chromatin immunoprecipitation (ChIP) assay. N2a58 cells grown in 100 mm dish were incubated with 1% formaldehyde for 10 min at 37uC to cross-link proteins to the DNA and washed with cold PBS buffer twice before lysis with SDS lysis buffer (50 mM Tris-HCl pH 7.5, 1% SDS, 10 mM EDTA) containing protease inhibitors. 
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Cell lysates were sonicated on ice and the sheared chromatin was evenly divided and diluted in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris/HCl pH 8.1 and 150 mM NaCl) containing protease inhibitors. A small portion of each diluted chromatin was collected, protein-DNA cross-links were reversed, and samples were used as the input DNA control. The rest of chromatin suspension was prepared with Protein G-agarose slurry containing salmon sperm DNA (Millipore) and then incubated with either anti-Oct-1 or normal rabbit IgG antibodies (2 mg) overnight at 4uC with continual rotation. The Protein G-agarose slurry containing salmon sperm DNA was added to each chromatin solution and incubated for another 1 h at 4uC with constant rotation. The agarose beads were collected by centrifugation, washed and the antibody-bound chromatin was released from the agarose beads. Then the cross-link was reversed, samples were digested with PK and finally purified by phenol/chloroform extraction and ethanol precipitation. The DNA isolated from the immunoprecipitates was then subjected to PCR amplification. PCR was carried out as follows: 1 cycle at 94uC for 1 min; 25 cycles at 94uC for 30 s, 60uC for 5 s, 72uC for 30 s; and 1 cycle at 72uC for 7 min, using ChIP (2240/140) primers that amplify the region between nucleotides 2240 and 140 within the IRF-3 promoter. Then, nested PCR was carried out as follows: one cycle at 94uC for 1 min; 25 cycles at 94uC for 30 s, 60uC for 5 s, 72uC for 30 s; and one cycle at 72uC for 7 min, using ChIP (-119/-1) primers that amplify the region between nucleotides 2119 to 21 within the IRF-3 promoter. The amplified 119 bp DNA fragment was separated on 2% agarose gel and visualized with ethidium bromide.
Drug treatment. N2a58 and ScN2a58 cells were continuously treated with Congo red (CR, 10 mM) or pentosan polysulfate (PPS, 20 mg/ml) for 3 days. The drug treatments were started after the initial seeding of the cells (at 75 cm 2 flask) and renewed every passage until three passages. After 3 days from the last treatments, cells were reseeded in 24-well plates without drugs and transfected with pGL3 -119/-1 and pRL-null. After 24 h, luciferase assay was performed as described above.
In vivo infection experiments. Four-week-old ddY mice were intracerebrally inoculated with 20 mL of a 10 21 dilution of brain homogenate prepared from mice terminally sick with 22 L and FK-1 strains, respectively. As a control, age-and strainmatched mice were intracerebrally inoculated with phosphate buffered saline. The brains of the mice were removed at the terminal stage of disease.
Animals. All animal experiments were approved by the Committee on the Animal Care and Use Committees of the Nagasaki University, and were performed according to their recommendation.
